The micelle structure, on the basis of the two-shell model with ellipsoidal shape, was directly analyzed by the solution of simultaneous equations concerning the morphological parameters obtained from small-angle X-ray scattering curves measured by the contrastvariation method. In the process of the analysis, it was found that the direct method gave the four sets of solutions. A reasonable solution, however, could be selected by considering the propriety of the respective solutions.
Introduction
The micelle structure has been extensively studied by small-angle X-ray and neutron scattering techniques with the contrast-variation method (e.g. Sheu, Chen& Huang, 1987; Timmins, Leonhard, Weltzien, Wacker & Welte, 1988; Kawaguchi, Hamanaka, Kito & Machida, 1991; Kawaguchi & Hamanaka, 1992) . In addition to correction for particle interference (Magid, 1987) , the contrastvariation method is indispensable to studies of micelle structure, since micelles have a distinct internal structure consisting of hydrophobic and hydrophilic regions. Structure analyses have been performed using the several morphological parameters that were obtained from a set of the scattering curves at various electron densities or neutron scattering densities of solvent.
For X-ray contrast-variation studies, the important morphological parameters are volume vl, average electron density P l, radius of gyration of outer shape Rv, second moment of electron-density distribution a, mean-square electron-density distribution (Apl) 2 and maximum dimension Dmax; they are also useful for model building (Kawaguchi et al., 1991; Kawaguchi & Hamanaka, 1992) .
The structural parameters of the model have usually been determined by means of the best-fitting method of the intensity curves. However, the adjusting parameters inevitably contain a greater or lesser number of errors. If the model is expressed by a few parameters, it is easily suggested that the parameters can be directly determined from the morphological parameters. For most micelles, since the two-shell model with ellipsoidal shape is a good © 1995 International Union of Crystallography Printed in Great Britain -all rights reserved approximation (Tanford, 1980) , the number of structural parameters is only five, as mentioned later. Therefore, we tried to determine all the structural parameters by solving the simultaneous equations concerning the morphological parameters.
Although this paper deals with the morphological parameters obtained from X-ray scattering curves, the direct-analysis method is also useful for neutron contrastvariation studies.
Model and equations
The micelle structure can be basically modeled by a twoshell structure consisting of two ellipsoids of revolution. Fig. 1 shows the two-shell model. The hydrocarbon core is represented as the inside of the inner shell, and the polar-group layer corresponds to the region between the inner and outer shells. The regions usually have different electron-density levels (PHC and PPG)-On the other hand, oblate and prolate types are considered for the micelle shape, as is also illustrated in Fig. 1 . The shape is defined by the axial ratio 7 of the outer shell: 7< 1 (RpG>VRpG) for the oblate type and 7 > 1 (RpG < 7RpG) for the prolate type.
According to Tanford (1980) , the polar-group layer has a uniform thickness. Since the uniformity cannot be exactly modeled by two ellipsoids of revolution, for simplicity, 7 is assumed to be related to the axial ratio 7' of the inner shell by RpG --RHC = TRpG --7'RHc = L, where L is the thickness of the polar-group layer. Then, 
~"RHc = 7RpG --L.
Thus, the two-shell model can be defined by the five structural parameters RpG, yRvG, L, Pw and PHC.
The morphological parameters vl, [~l, Rv, a, (Apl) 2 and Dma x are expressed by the structural parameters as follows [pl(r) is the electron-density distribution of the micelle]:
v I = f dv r = 4rtyR3G/3,
where
Dmax I 2RpG oblate type = [ 2)'RpG prolate type.
For estimation of the morphological parameters from X-ray or neutron scattering data, several papers can be referred to: for Pl, Rv and a; Tardieu, Mateu, Sardet, Weiss & Luzzati (1976) for Vl and (Apl)2; Porod (1951) for Dmax. Since all the equations are independent of each other, the five structural parameters can be directly determined by solution of the simultaneous equations. The procedure is demonstrated next, through the structure analysis of the three kinds of micelles that have widely different The parameters were determined from small-angle X-ray scattering curves corrected for particle interference. See text for notation. ~, Rv and a of Triton X-100 and C12Es miceiles are from our previous paper (Kawaguchi & Hamanaka, 1992) . Other parameters were obtained from the scattering data reported in the same paper. All the parameters of the C12SE micelle are from our previous paper (Kawaguchi, Hamanaka, Kito & Machida, 1991 Table 1 .
Procedure of analysis
First, the semi-axes of the outer shell (RpG and 7RpG) are determined from (2) and (4). Two solutions of oblate type (RpG > )'RAG) and prolate type (RpG < "YRpG) are obtained by the solution of both equations. At first sight, (7) seems to be useful for the estimation of RpG or TRpG. However, it is not, since Dmax has more error than other morphological parameters (Moore, 1980; Taupin & Luzzati, 1982) . Second, we examined the relation between PPG (PHC) and L by substituting the tentative values of L into (3) and (5). Fig. 2 shows PPG and Pnc plotted as a function of L for three micelles. Further, the relation between (Apl) z and L was obtained by substituting the calculated values of PpG and PHC into (6). The solid curve in Fig. 2 indicates the relation for three micelles. The curves of PPG, PHC and (Zlpl) 2 were almost the same irrespective of the micelle shape (oblate and prolate), for example, as shown in Figs. 2(c) and 2(d) . The value of (Apl) z obtained experimentally is also shown by a dotted line in Fig. 2 .
Third, the value of L was determined from the intersection of the solid curve and dotted line for (Apl) 2. Subsequently, PPG and Pnc were determined from the value of L. As indicated by two arrows in Fig. 2 , two values for L and also two values for PPG and Pnc are obtained by the procedure. Therefore, in this paper, we refer to a 'small-L model' and a 'large-L model' for the respective solutions.
In summary, four sets of structural parameters can be obtained by solution of the simultaneous equations from (2) to (6): the oblate and prolate types for the micelle shape and the small-L and large-L types for the thickness of the polar-group layer. The values of the four sets are separately listed in Table 2 for the small-L model and Table 3 for the large-L model.
From Tables 2 and 3 , it is suggested that the values of L, PPG and PHC of the oblate shape are the same as those of the prolate shape but the difference in L appears at piG and PHc for both shapes. Further, the value of L for the small-L model is not real, irrespective of the micelle shape, since it is too small to be explained from the conformation of polar groups of the detergent molecules. Therefore, the small-L model can be regarded as a 'ghost' in the solutions.
The determination of micelle shape (oblate or prolate) seems to be difficult, since L, PiG and RHC scarcely depend on the shape. However, if there is a large difference between RIG and )YRpG , the determination is possible using Dmax, even though the value has a relatively large error. For three micelles, we could select the oblate shape, since it was seen that Dm~/2 was closer to RpG than ]:RpG. Finally, the large-L model of the oblate type could be selected as a reasonable solution from consideration of the propriety of the respective solutions for all the micelles.
Discussion
The use of (1) to express the uniform thickness of the polar-group layer may be a rough approximation. Strictly speaking, the exact value of the thickness depends on and the azimuth angle and the deviation from the uniform thickness increases considerably when ? is far from unity. Therefore, the present analysis seems to be inapplicable to an extreme micelle with an elongated or flat shape.
According to the theory reported by Tardieu et al. (1976) , an important relation can be derived for the twoshell model:
(AP,) ~-= --(P~ --P.c)O~ --PPc).
(8)
The small-L and large-L models satisfy (8); that is, (8) holds irrespective of L. Therefore, the appearance of a ghost model is inevitable, as long as both/51 and (Apl) 2 are used in the structure analysis.
To verify the fact that the small-L model is the ghost model, X-ray scattering curves of the model were calculated and compared with the observed data. Fig. 3 shows the comparison for the C~2SE micelle as an example, since the difference between the calculated and observed curves is clearer than those of other micelles. The curves of the small-L model do not fit with the observed curves, especially in the range where s>0.02 A-l (s =2 sin 0/2, 20 is the scattering angle and 2 the X-ray wavelength). By contrast, we can recognize the good fit for the large-L model. These could also be confirmed from the compari-son of the distribution functions.
In the case of an ellipsoidal shape close to a sphere (0.8 < ), < 1.4), the determination of the oblate or prolate shape is usually difficult, since the difference in shape scarcely appears on the scattering curves in the smallangle region. If the shape cannot be determined from Dm~x, the R factor of the scattering curves may be useful is the X-ray wavelength. P0 is the electron density of the solvent. The structural parameters of the models are listed in Table 2 for the small-L model and Table 3 for the large-L model. The solid, dashed and dotted curves indicate the intensities for Po corresponding to the sucrose concentrations of 0, 21 and 42% (w/v).
for the shape problem, since it can be used to evaluate objectively the delicate difference (Luzzati, Tardieu & Aggerbeck, 1979) . The log-log plots of the shape scattering function in the three basic functions (Stuhrmann & Miller, 1978) may also be useful for the shape problem. Robson & Dennis (1977) proposed two ellipsoidal models for the Triton X-100 micelle on the basis of geometrical considerations. The semi-axes of Rr, G and 7Rr, G are 27 and 140 A for the prolate model, and 52 and 27 A for the oblate model. They further suggested that the oblate model is better than the prolate model. In addition to the micelle shape, the semi-axes obtained in this study agree well with their result. The thickness L of the polar-group layer (17 A) is also reasonable as the length of 9.5 oxyethylene units, if the polyoxyethylene chains take the meander conformation in the Triton X-100 micelle (Robson & Dennis, 1977) .
The same conformation is applicable to the polyoxyethylene chains of CI2Es, since L of the micelle (14 A) can be simply explained as 14 = 8 x (17/9.5), where 8 is the number of oxyethylene units of the chains. This may also be supported by the result that the electron density of the polar-group layer Pl, G of the C I2E8 micelle is the same as that of the Triton X-100 micelle. Further, the electron density of the hydrocarbon core PHC of CI2E8 micelle (0.26 e A-3) is reasonably close to the electron density of molten paraffin [0.27--0.28 e A-3 (Reiss-Husson & Luzzati, 1964) ]. Therefore, the direct method is considered to be useful for the structure analysis of micelles.
For the Triton X-100 micelle, it seems strange that PHC (0.36 e A-3) is greater than Pr,~ (0.345 e A-3). However, the result is due to the negative a in the morphological parameters (Table 1 ) and suggests that the electron density of phenyl groups is higher than that of polyoxyethylene chains.
The thickness L of the polar-group layer for the C~2SE micelle (12 A) is reasonable as the length of a sucrose molecule. Further, the size of the hydrocarbon core is approximately equal to that of the C i2E8 micelle. However, the Pnc (0.23 e A-3) is lower than that of the molten paraffin. The disagreement seems to be due to the approximation of the electron-density distribution by the simple step function, since the fluctuation along the radial direction is larger than those of other micelles.
To solve the problem, it may be necessary for a more complicated model such as the three-shell model to be dealt with for the structure analysis. However, since the two-shell model is basic for most micelles, the result obtained using the direct method seems to be worthwhile for further detailed analysis.
